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FOREWORD 

This  work  was  performed  for  and  funded  by  the  Explosives  Advanced 
Development  (EAD)  Program,  P.E.  63609N,  Project  No.  S0363,  the  NAVSEA 
Explosives  Development,  Effects  and  Safety  block  program,  SF33-337-691,  and 
the  NSWC  Independent  Research  program  office.  The  results  and  conclusions 
presented  in  this  report  concerning  the  formation  and  growth  of  hot  spots 
should  be  of  interest  to  those  seeking  explosive  sensitivity  to  impact 
information  and  to  those  seeking  a  fundamental  understanding  and  control  of 
the  mechanical  deformation  mechanisms  involved  in  explosive  initiation. 

The  authors  wish  to  acknowledge  the  assistance  of  Drs.  E.  R.  Lemar  and 
J.  W.  Forbes  for  conducting  the  preliminary  light  gas  experiments  described  in 
this  report.  On  completion  of  these  experiments,  the  results  will  be 
published  in  more  detail. 
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CHAPTER  1 
BACKGROUND 

Time-resolved  temperature  measurements  of  shocked  non-energetic  materials 
by  infrared  radiometry  in  the  low  pressure  range  have  become  experimentally 
feasible,  and  brightness1’^  and  two-color;:’::  temperatures  of  shocked  materials 
have  been  reported.  In  addition,  reportsb’°  describing  the  use  of  this 
technique  to  investigate  reactive  shocks  in  explosive  materials  to  provide  a 
new  and  versatile  diagnostic  tool  in  the  study  of  initiation  and  build-up  to 
detonation  have  also  been  published.  These  latter  experiments  resulted  in  the 
first  direct  measurement  of  the  temperature  of  hot  spots  resulting  from  shock 
induced  heating  in  t-xplosives.  In  studies  of  shocked  nitromethane,  these 
results  clearly  indicated  that  a  partial  shock-induced  chemical  reaction  took 
place  before  detonation. 

Impact  testing  equipment  in  current  use  and  new  impact  monitoring 
instrumentation  were  recently  evaluated.  Results  of  the  evaluation  showed 
that  there  are  significant  differences  in  the  response  of  different  tools  used 
to  impact  explosives  and  of  test  samples  having  different  geometries.  The 
results  of  that  study  showed  that  transducers  and  IR  sensors  can  be  used 
effectively  to  monitor  deformation,  heat  emission  and  reaction  of  explosive 
test  samples  during  low  velocity  mechanical  impact. 

Here,  we  will  present  an  investigation  of  the  technique  of  measuring 
impact-induced  time-resolved  infrared  emission  as  a  diagnostic  tool  in 
studying  deformation  and  initiation,  deflagration,  and  build  up  to  detonation 
in  energetic  materials  for  use  with  mechanical  impact  testing  apparatus. 
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CHAPTER  2 

EVALUATION  OBJECTIVES 

An  investigation  of  the  time-resolved  IR  emission  technique  was 
undertaken  to  achieve  the  following  objectives: 

a.  To  determine  the  correlations  between  the  infrared  response  and  the 
pressure-time  history  of  the  mechanical  impact;  i.e.,  the  dependence  on 
pressure  amplitude,  on  pressure  rate  of  increase,  and  on  deformation  rate. 

b.  To  determine  the  rate  of  chemical  reactivity  of  test  samples 
undergoing  mechanical  impact  with  respect  to  the  parameters  described  in  a. 

c.  To  determine  the  accuracy  of  the  time  resolution  and  temperature 
derived  data. 

d.  And,  to  explore  means  of  improving  and  extending  these  kinds  of 
measurements  on  low  velocity  mechanical  impacts  on  explosives  under  confined 
conditions,  so  that  correlations  between  small-scale  and  large-scale  testing 
can  be  obtained. 
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CHAPTER  3 


EXPERIMENTAL  APPARATUS 


Detection  Apparatus 


A  photograph  of  the  basic  apparatus  used  for  measuring  the  deformation- 
induced  infrared  emission  is  shown  in  Figure  1;  the  schematic  drawing  showing 
specific  details  is  shown  in  Figure  2.  The  two  detectors  were  purchased  from 
New  England  Research  Center,  Inc.  They  have  HgCdTe  detector  elements.  Also, 
InSb  detectors  were  purchased  from  Barnes  Engineering,  Inc.  and  were  used  in 
some  experiments.  In  order  to  insure  fast  response  times  of  less  than  10 
nanoseconds,  the  detectors  were  operated  in  the  photovoltaic  mode  rather  than 
the  conventional  photoconductive  mode.  Also  the  size  of  the  detector  elements 
was  kept  to  a  maximum  of  a  0.2  mm  x  0.2  mm  square  area.  This  latter 
requirement,  unfortunately  reduced  the  detectivity,  D*,  of  the  detectors,  but 
not  to  the  point  where  they  were  not  sufficiently  sensitive.  The  cutoff 
wavelength  for  these  detectors  was  approximately  13  microns  (850  cm-1).  The 
detector  response  peaked  at  11  microns  (900  cm-*)  and  extended  into  the  near 
IR  to  about  1  micron  (10,000  cm-1). 


Two  wideband  pre-amplifiers  were  purchased  to  amplify  the  detector 
signals.  Their  important  specifications  were: 

Gain . 26  DB 


Bandwidth. 


1  KHZ  -100  MHZ 


Pulse  response . 4  nanoseconds 


The  pre-amps  were  operated  under  non-bias  voltage  conditions. 

The  remainder  of  the  detection  apparatus  consisted  of  various  types  of 
beam  splitters  (both  dichroic  and  achroic).  dichroic  filters,  and  lenses 
(BaFp,  cutoff  frequency  13  microns/850  cm"*  and  silicon,  cutoff  frequency  in 
the  far  infrared).  These  along  with  the  detectors  were  assembled  in  an 
apparatus,  shown  in  Figures  1  and  2.  The  specific  optical  arrangement  for 
each  experiment  described  in  this  report  will  be  shown  in  the  later  sections 
of  this  report. 


Drop  Test  Apparatus 


Updating  of  small-scale  and  other  low  velocity  shock  tests  in  support  of 
explosive  physics  research  at  NSWC  has  been  in  progress  for  the  past  few 
years.  A  nonstandard  test  using  a  portable  experimental  machine  that  is 
designed  to  quantify  impact  ioading  and  explosive  sample  responses  has  been 
described. 
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The  impact  machine  currently  being  used  for  the  tests  described  in  this 
report  is  a  converted  WOX  126A  Drop  Shock  Test  Set.  This  seven-foot  tall, 
portable  machine  was  formerly  used  to  screen  electronic  components  for  shock 
hardness.  A  portable  machine  was  selected  to  make  it  possible  to  share  in- 
place  instrumentation  and  existing  laboratory  spaces.  Conversion  of  the 
machine  consisted  of  replacing  the  test  carriage  with  interchangeable  drop 
weights  and  the  shock  pads  with  instrumented  anvils.  A  release  mechanism  was 
added  to  the  machine  to  provide  remote  operation,  and  shock  cord  accelerators 
(slings)  were  installed  to  increase  its  1.5  meter  drop  height  capability  to  an 
equivalent  free-fall  drop  height  of  approximately  20  meters  when  accelerating 
a  0.5  kg  drop  weight.  The  machine  is  shown  in  Figure  3. 

The  anvil,  shown  in  Figure  4,  consists  of  a  sapphire  cylinder  1.905  cm  in 
diameter  by  1.25  cm  high.  This  was  cut  from  a  single  crystal  with  the  ends 
polished  to  optical  flatness.  The  sapphire  anvil  transmits  both  visible  and 
infrared  emissions  out  to  wavelengths  of  approximately  6.5  microns.  For 
longer  wavelengths  silicon  or  germanium  anvils  were  used. 

Gas  Gun  Apparatus 

The  apparatus  used  to  carry  out  the  high-velocity  shock  wave  experiments 
in  order  to  evaluate  the  time-resolved  IR  emission  technique  is  the  NSWC/WO 
Light  Gas  Gun.  The  explosive  facility  of  NSWC/WO  contains  a  single  stage 
light  gas  gun  and,  in  addition,  has  various  methods  of  using  high  explosives 
to  drue  shock  wave  experiments.  The  light  gas  gun  has  a  bore  of  89  mm  and  is 
capable  of  driving  projectiles  at  velocities  from  0.1  to  0.8  km/sec.  It  was 
installed  with  its  muzzle  in  an  explosive  test  chamber  (bombproof)  so  that 
targets  may  include  very  reactive  materials.  Up  to  2.3  kg  of  explosive  car  be 
used  in  the  test  chamber  for  a  single  experiment.  The  gun  is  used  to  drivt 
dynamic  high  pressure  experiments  in  which  the  targets  may  be  made  of  reactive 
materials  (explosives  or  propellants)  or  inert  materials.  The  facility  is 
primarily  used  to  obtain  the  equations  of  state  of  inert  materials  and  of 
explosives  in  the  unreacted  state,  and  to  measure  shock  wave  evolution  within 
these  materials. 

In  the  present  experiments,  the  test  chamber  arrangement,  as  shown  in 
Figure  5  was  aligned  with  a  helium-neon  alignment  laser  positioned  at  the 
breech  of  the  gun.  The  detection  apparatus  arranged  in  the  test  chamber  at 
the  muzzle  of  the  gun  had  the  same  optical  configuration  as  for  the  drop 
weight  experiments.  The  projectile  w^s  designed  such  that  a  thin  copper  flyer 
plate  with  a  velocity  of  ~485  m/sec  impacted  a  NaCl  single  crystal  '.ample 
(37.5  mm  diameter  and  6.5  mm  thick)  parallel  to  its  (001)  principal  axis.  The 
known  Hugoniot  parameters  of  the  materials  allowed  for  a  calculation  of  29 
kbars  ±  5%  initial  pressure  on  the  NaCl  sample.  The  estimated  accuracy  in 
determining  the  arrival  of  the  shock  wave  at  the  sample  and  the  emergence  of 
the  wave  at  the  rear  of  the  sample  is  <±50  nsec.  The  NaCl  crystal  faces  were 
flat  to  less  than  a  1/10A  at  6000A  and  were  parallel  to  less  than  30  seconds. 
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CHAPTER  4 

IR  EMISSION  DATA  ANALYSIS 

The  response  of  a  detector  to  black  body  emission  may  simply  be  described 
by 

e-  e<x>”bb  > 

where  T  and  x  are  temperature  and  wavelength  and  Wobs  is  the  observed  radiance 
from  the  wavelength  interval,  AX,  obtained  from  the  voltage  response  of  the 
defector;  6  is  a  constant  optical  geometrical  factor  representing  the  light¬ 
gathering  capability  of  the  optics,  e(X)  is  the  emittance,  and  Wbb(x,T)  is  a 
black  body  function  with  the  detector  "esponsivity  and  optical  component 
wavelength  dependence  incorporated  into  it. 

A  brightness  temperature  for  any  given  experiment  may  be  obtained  by 
calibrating  a  single  detector  with  a  known  black  body  source,  as  long  as  G 
remains  constant;  and,  of  course,  if  e(X),  the  emittance  is  assumed  to  be  the 
same  for  both  the  black  body  source  and  the  sample  in  question,  and  also  if  it 
is  assumed  that  the  sample  emits  black  or  grey  body  radiation.  By 
simultaneously  measuring  the  emission  at  two  different  wavelength  intervals,  a 
two-color  temperature  may  be  determined.  This  derived  temperature  represents 
an  estimate  of  the  true  temperature,  independent  of  e(X),  provided  that 
e(AX.)  =  e^X^),  and  provided  that  the  emitted  radiation  follows  a  black  body 
function.  With  the  above  assumptions,  it  is  possible  to  evaluate  e(X)  by 
comparing  the  brightness  temperature  and  the  two-color  temperature.  The 
quantity  e(X)  is  a  direct  measurement,  then,  of  the  fraction  of  the  surface  of 
the  sample,  as  seen  by  the  detector,  which  is  hotter  than  the  surrounding 
material.  Thus  this  quantity  represents  the  fraction  reacted  or  the  hot 
portion  of  the  sample  being  observed.  In  the  impact  and  shock  experiments 
described  here,  this  becomes  an  important  quantity  because  the  origin  of  the 
induced  observed  emission  relates  directly  to  the  mechanism  for  hot  spot 
formation  and  growth. 

The  errors  from  the  temperature  measurements,  as  described  here,  arise 
from  two  main  sources:  first,  experimental  error  can  result  from  the  non¬ 
reproducibility  of  optical  alignment  between  the  calibration  and  sample  runs 
and  also  from  the  signal  to  noise  levels  of  the  observed  signals;  second, 
error  can  arise  from  the  assumptions  being  used  in  the  black  body  model.  For 
example,  in  the  brightness  temperature  determination,  if  the  sample  acts  like 
a  grey  body  with  e(x)  less  than  1.0,  the  observed  temperature  will  be  a  lower 
limit,  or  will  be  less  than  the  true  temperature.  In  the  two-color 
temperature,  e(AX^)  =  e(AA?)  is  generally  a  good  approximation  and  the 
observed  temperature  is  a  true  estimate  of  the  actual  temperature.  When 
comparing  the  brightness  temperature  to  the  two-color  temperature  for  a  given 
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experiment  the  fraction  of  sample  hot  or  reacted,  e(X),  also  represents  a 
lower  limit  to  the  true  fraction  of  sample  surface  heating.  Furthermore,  a 
very  important  factor  that  can  cause  error  will  be  the  deviation  from  black 
body  behavior  that  results  from  selective  molecular  emission. 
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CHAPTER  5 
EXPERIMENTS 


Impact  Experiments 


As  described  previously,  two  sets  of  experiments  were  performed  to 
evaluate  this  technique  for  investigating  the  deformation  induced  heating  in 
two  different  loading  rate  regimes.  For  low  loading  rates,  the  impact  machine 
was  used.  Here  the  signals  from  each  detector  were  passed  through  fast,  broad 
band  amplifiers  and  recorded  simultaneously  on  dual  beam  digital  oscilloscopes 
(0.5  nsec  response).  Also  recorded  simultaneously  on  a  separate  dual  beam 
oscilloscope  were  signals  from  an  accelerometer  and  one  of  the  infrared 
detectors.  The  accelerometer  was  mounted  on  the  dropweight  3.57  cm  from  the 
impact  surface  and  was  used  to  monitor  the  deceleration  of  the  drop  weight 
during  impact.  Because  of  the  distance  between  the  accelerometer  and  the 
hardened  steel  (Rockwell  62)  impacting  surface  of  the  drop  weight,  the 
accelerometer  signal  was  delayed  6.5  ysec  from  the  infrared  signal.  The  time 
resolution  of  the  exp  riment  was  limited  by  the  response  of  the  accelerometer 
which  was  measured  to  be  approximately  1  nsec. 

Both  before  and  after  a  series  of  impact  experiments  the  infrared 
detectors  were  calibrated  with  a  black  body  source  and  mechanical  chopper 
wheel  placed  against  the  sapphire  anvil  in  approximately  the  same  position  as 
the  material  to  be  impacted.  The  calibration  of  the  accelerometer  was 
regularly  checked  throughout  the  duration  of  the  experiments.  Impact 
experiments  were  conducted  on  NaCl ,  NH^CIO^,  RDX,  PETN,  and  PBXN-103,  as  well 
as  several  composite  materials.  The  NaCl,  NH4CIO4,  RDX  and  PETN  samples  were 
single  crystals  approximately  1.5  mm  on  a  side  and  with  masses  of  about  30-50 
mg.  The  PBXN-103  samples  were  in  the  form  of  pellets  with  masses  of  ~35mg. 
NH^CIO^,  RDX  and  PETN  are  energetic  materials  which  can  react  violently  under 
impact  of  sufficient  severity.  In  those  cases  where  rapid  reaction  occurred 
the  resulting  infrared  emissions  were  very  different  from  those  from  the 
unreacted  samples.  In  those  cases  where  rapid  reaction  did  not  occur  the 
observed  emissions  from  the  energetic  materials  and  the  inert  materials  were 
essentially  the  same. 

Figures  6,  7,  8,  and  9  show  the  recorded  infrared  data  of  impacts  of 
single  crystals  of  NaCl,  NH^CIO^,  RDX  and  PETN  respectively.  Figure  10  shows 
similar  data  from  an  impact  on  a  disk  of  PBXN-103  explosive.  In  these 
experiments,  as  in  all  that  we  have  done  to  date,  the  infrared  emissions 
appear  essentially  simultaneous  with  the  first  indication  of  deceleration.  Of 
particular  significance  is  the  fact  that  the  initially  observed  detector 
responses  correspond  to  heating  far  above  the  30°C  threshold  of  the  detection 
apparatus  estimated  for  this  optical  arrangement.  For  the  RDX  example,  the 
change  in  velocity  of  the  drop  weight  in  the  first  15  psec  after  impact  is 
approximately,  Av  =  2  x  10-,i  m/sec.  The  change  in  kinetic  energy  of  the  drop 
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weight  is 

AU  =  mV  Av 
o 

with  VQ  -  5.54  m/sec  and  m  =  0.5  kg  so  that  AU  =  5.5  x  10"^  J.  If  all  of  this 
energy  were  distributed  over  the  bulk  of  the  crystals  the  temperature  increase 

would  be  aT  ~  =  0.2°C,  where  Cw  =  0.3  cal/gm°K  and  p,  the  mass,  is  21 

Pcv  v 

mg.  This  temperature  is  far  below  the  typically  estimated  initial 
temperatures  of  200°C  observed  in  most  of  these  experiments  at  15  ysec  after 
impact.  This  temperature  is,  also,  far  below  the  threshold  detection  level  of 
the  detectors  involved.  This  result  indicates  that  the  energy  of  deformation 
is  being  localized,  producing  the  observed  high  temperatures.  Using  the 
calculated  0.2°C  rise  in  temperature  due  to  the  kinetic  energy  transfer,  it 
can  be  estimated,  that  this  energy  must  be  localized  in  a  volume  of  1/200  of 
the  sample  to  reach  the  detection  limit  of  the  detectors.  To  achieve  the 
temperatures  of  200°C,  measured  here,  the  local  volume  would  have  to  be  of  the 
order  of  1/1000  of  the  volume  of  the  initial  impacted  sample. 

Preliminary  Gas  Gun  Experiments 

In  the  drop  weight  experiments  the  initial  temperatures  estimated  were 
above  200°C.  In  none  of  these  experiments  was  the  buildup  to  this  temperature 
observed,  for  two  reasons:  first,  the  resolution  of  the  digital  oscilloscope 
used  is  limited  to  0.5  usee  per  data  point  and  probably  the  temperature 
buildup  occurs  within  this  time  frame;  second,  the  fraction  of  sample  surface 
that  is  being  heated  in  the  low  velocity  impact  is  too  small  to  allow  for 
enough  radiation  with  sufficient  signal-to-noise  ratio  to  reach  the  detectors 
in  the  initial  stages  of  sample  deformation  for  detection. 

In  the  preliminary  gas  gun  experiments  (to  be  published  when  the  work  is 
completed),  the  certainty  in  the  measured  arrival  of  the  shock  wave  entry  into 
the  NaCl  sample  is  of  the  order  of  50  nsec  and  the  detector  signals  are 
recorded  with  an  analog  oscilloscope  with  time  resolution  of  a  few 
nanoseconds.  Here,  the  sample  size  was  37  mm  dia  x  6  mm  and  because  of  the 
485  m/sec  velocity  and  the  ~30  kbar  initial  shock  pressure  in  the  NaCl  sample, 
more  than  sufficient  signal  was  observed  to  see  the  initial  buildup  of 
temperature  due  to  the  shock  induced  deformation.  Figure  11  shows  the 
recorded  infrared  emission  from  a  single  crystal  of  NaCl  and  its  two-color 
temperature  profile.  The  experimental  set  up  for  this  experiment  is  shown  in 
Figure  5.  The  signal-to-noise  ratio  of  the  observed  detector  signals  is 
sufficient  to  show  that  infrared  emission  occurs  within  25  nanoseconds  of  the 
estimated  time  of  arrival  of  the  shock  front  at  the  sample  surface.  The 
amplitude  of  the  observed  infrared  signals  and  the  ratio  of  signals  (related 
to  temperature  increase)  both  appear  to  increase  exponentially  with  time.  The 
estimated  temperature  profile  ranges  between  ~40°C  and  ~650°C  with  200°C  being 
reached  within  one  usee  after  the  shock  enters  the  sample.  Unfortunately, 
the  maximum  temperature  reached  was  not  recorded  as  the  observed  signals 
increased  beyond  the  voltage  setting  of  the  oscilloscope. 

In  the  second  gas  gun  experiment,  a  target  sample  was  prepared  by 
sandwiching  a  single  crystal  of  PETN  (2  cm  x  2  cm  x  0.4  cm)  between  two  NaCl 
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crystal  plates  (3.7  cm  dia.  x  0.65  cm)  as  shown  in  Figure  5.  The  same 
projectile  velocity  and  shock  conditions  were  used  for  this  shot  as  in  the 
previous  experiment.  Since  the  image  of  the  PETN  crystal  did  not  fill  the 
detector  area,  radiation  from  the  front  NaCl  plate  also  reached  the 
detector.  NaCl  is  infrared  transparent  in  the  spectral  regions  seen  by  the 
detectors,  while  PETN  is  not  transparent,  thus  radiation  that  emits  from  the 
PETN  would  only  be  observed  when  the  shock  front  reaches  the  rear  of  the  PETN 
crystal.  In  fact  this  was  observed.  Figure  12  containing  the  detector 
responses  shows  very  clearly  that  the  observed  infrared  response  profile 
matches  that  of  the  entry  and  exit  of  the  shock  front  with  the  interfaces  of 
the  sandwich  sample.  The  arrows  on  the  figures  represent  the  calculated 
points  in  time.  Very  satisfying  is  the  fact  that  the  temperature  profile  of 
this  shot  duplicates  the  previous  shot  where  the  shock  front  passes  through 
the  first  NaCl  window.  The  temperature  here  rises  to  just  above  600°C;  also, 
it  appears  that  under  these  experimental  conditions  that  this  is  a  limiting 
temperature.  When  the  shock  enters  the  rear  NaCl  plate  of  the  sample  a 
further  increase  in  temperature  is  observed  in  the  figure,  presumably  this  is 
due  to  an  increased  temperature  that  is  radiating  at  the  PETN  face.  Here 
again,  the  maximum  temperatures  were  not  observed  because  the  oscilloscope  was 
set  at  too  sensitive  an  amplification  (although  it  was  set  at  a  5x  less 
sensitive  position  than  the  previous  shot). 

Under  these  shock  conditions,  using  a  Gruneisen  equation  of  state,  and 
considering  only  the  bulk  properties  of  the  material,  it  can  be  calculated 
that  NaCl  should  only  reach  a  temperature  of  approximately  200°C.  The 
estimated  temperatures  in  these  experiments,  if  they  are  correct,  indicate 
directly  the  localization  of  energy  in  the  NaCl  into  hot  zones  or  "spots". 
Considering  the  enormity  of  the  detector  signals  in  the  gas  gun  shots  as 
compared  to  the  drop  test  runs,  it  is  difficult  not  to  believe  that 
temperatures  considerably  greater  than  200°C  were  achieved.  In  fact,  it  would 
perhaps  be  reasonable  to  believe  that  the  limiting  temperature  rise  is  the 
melting  point  of  NaCl  at  801°C,  since  if  extreme  localization  of  energy  did 
occur  the  melting  process  would  absorb  most  of  the  excess  energy.  The 
observed  lower  600°C  -  650°C  could  be  a  result  of  calibration  errors  or  could 
be  a  result  of  observing  a  distribution  of  temperatures  giving  an  average 
somewhat  lower  than  the  maximum  801°C. 

These  tests  were  repeated  with  a  copper  plate  attached  directly  to  the 
back  of  the  NaCl,  in  addition  the  edges  of  the  NaCl  sample  were  masked  off 
with  a  central  mask  diameter  opening  of  one  inch.  The  resulting  IR  emission 
signals  were  extremely  weak,  less  than  2  mv  in  amplitude.  A  second  shot  was 
then  prepared  where  now  the  center  of  the  sample  was  masked  off  with  a  1" 
diameter  mask.  This  NaCl  sample  also  had  a  thin  copper  plate  attached  to  the 
front  surface.  The  shot  was  repeated  and  a  substantial  IR  emission  signal  was 
then  recorded,  of  10-15  mv  in  amplitude. 

Thus,  the  results  of  these  experiments,  indicate  that  the  observed 
infrared  emissions,  which  result  from  heating,  occur  in  the  shear  and  fracture 
at  the  edges  of  the  sample  where  the  reflected,  rarefactions  of  the  shock  wave 
break  up  the  sample.  Very  little  IR  emission  occurs  from  the  center  of  the 
sample  only  bulk  compression  occurs.  This  result  is  consistent  with  current 
theory  for  the  formation  of  hot  spots  and  explosive  initiation  for  both 
heterogeneous  and  homogeneous  explosives.  The  center  of  the  NaCl  sample 
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behaves  homogeneously  in  that  the  heating  is  apparently  due  to  bulk 
compression  effects  whereas  the  edges  of  the  sample  behave  heterogeneously 
due  to  the  irregularities  of  the  mass  flow  of  the  sample  breakup.  An 
interesting  and  planned  experiment  will  be  to  repeat  these  experiments  on 
large  single  crystals  of  PETN  and  to  look  at  the  observed  surface  heating  with 
an  array  detector  which  can  measure  the  spacial  emittance  in  the  infrared.  If 
PETN  behaves  as  NaCl ,  one  should  see  bulk  heating  from  the  center  of  the 
sample  and  the  formation  of  hotspots  on  its  edges. 

Von  Holle^  reported  similar  results  on  polymethlmethacrylate  (PMMA)  and 
polycrystall ine  KBr.  The  PMMA  results  indicated  that  the  intense  emitted 
radiation  at  the  interface  resulted  from  damage  at  the  projectile-PMMA 
interface  and  that  this  could  be  sharply  reduced  by  applying  a  thin  film  of 
silicon  oil.  at  the  interface.  However,  the  explanation  for  the  large  signals 
observed  from  the  pressed  polycrystall ine  KBr  samples  was  that  the  emission 
occurred  from  impurities  situated  near  inhomogeneties  which  were  heated  to 
higher  temperatures  than  the  bulk  KBr.  This  is  in  contrast  to  the  results 
offered  in  this  study  which  seem  to  indicate  that  the  observed  large  emissions 
occurs  within  the  localized  areas  of  the  sample  itself  where  the  shear  is 
large. 

Other  alternative  explanations  have  been  put  forward  to  explain  the 
observed  large  infrared  emissions.  Since  the  front  of  the  NaCl  crystals  were 
transparent,  what  is  observed  are  emissions  from  nitrogen  ionizing  in  the  air 
present  in  the  test  chamber  (~10  torr)  between  the  flyer  plate  and  NaCl  at 
impact.  However,  when  air  molecules  ionize,  they  generally  emit  at  selective 
wavelengths  in  the  visible  and  uv  spectrum.  In  the  infrared  this  also  would 
be  at  selective  wavelengths  and  radiation  would  not  be  expected  to  last  the 
lifetime  of  these  experiments,  2-6  ysec.  Another  explanation  for  the  observed 
signals  would  be  the  result  of  impurities,  such  as  H2O,  or  other 
imperfections,  in  the  NaCl  crystal  lattice  that  under  shock  result  in  various 
types  of  unstable  electron  centers  being  formed  which  result  in  emitted 
radiation.  However,  here  again,  these  kinds  of  centers  generally  emit 
radiation  from  electronic  transitions  at  selective  uv-visible  wavelengths. 

This  is  also  true  for  infrared  emission  of  molecular  impurities  if  they 
occur.  Although  it  can't  be  proven  by  these  experiments,  the  observed 
infrared  emissions  appears  to  be  broad  band,  since  results  from  the  low 
velocity  experiments  for  four  different  wavelength  intervals  give  similar 
results.  Neither  of  the  above  alternative  explanations  for  the  observations 
of  these  present  experiments  appear  to  be  justifiable. 
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CHAPTER  6 

CHARACTERIZATION  OF  EXPLOSIVE  SENSITIVITY  AND  RATE  OF  REACTION 

Preliminary  tests  were  performed  to  determine  the  applicability  of  this 
technique  for  the  small  scale  characterization  of  explosive  sensitivity  and 
explosive  vulnerability,  and  safety.  This  section  will  describe  the  results 
of  these  early  tests  and  may  possibly  demonstrate  the  utility  of  this 
technique  for  small  scale  quantitative  predictive  testing  and  modeling  of 
explosive  sensitivity,  vulnerability,  and  safety. 

Discussion  of  Experiment  Results 

Figure  13  shows  typical  curves  obtained  from  these  types  of 
experiments.  This  example,  of  single  crystal  of  AP  impacted  at  17.5  m/sec 
with  a  1/2  Kg  weight,  will  be  used  to  discuss  descriptively  the  events  that 
take  place  in  an  energetic  material  when  impact  initiation  occurs  and  the 
utility  of  this  method  for  predictive  testing  and  modeling.  In  the  figure, 
the  response  of  the  IR  detectors  in  the  first  50  usee  is  typical  of  what  is 
observed  for  inert  single  crystal  materials.  The  calculated  two-color 
temperatures  show  an  initial  high  temperature  that  decays  in  time  and  then 
increases  at  a  later  time  near  the  end  of  the  recorded  event.  The  mechanism 
by  which  this  occurs  is  at  present  under  intense  theoretical,  and  experimental 
investigation  for  this  is  a  key  to  understanding  mechanical  initiation  of 
explosives.  At  present,  it  is  believed  that  the  initial  heating  occurs 
instantaneously  with  deformation. 

It  is  believed  that  localized  heating,  i.e.  hot  spots,  occurs  in  the 
induced  cleavage  and  slip  planes  of  the  fractured  materials.  From  gas  gun 
experiments,  these  temperatures  peak  within  2-3  usees  with  the  melting  point 
as  the  limiting  temperature  for  inert  materials.  For  the  drop  weight 
experiments,  the  stress  of  the  deformation  is  relieved  by  the  formation  and 
propagation  of  induced  cracks  and  fractures  (an  individual  fracture  propagates 
at  near  the  sound  velocity  in  the  material).  Finally,  the  drop  weight  catches 
up  to  the  fractured  material  and  induces  a  further  deformation,  thus  an 
additional  rise  in  temperature  of  the  impacted  material  occurs  through  a 
similar  mechanism.  Controlled  experiments  on  single  crystals  have  shown  that 
the  induced  slip  planes  and  cleavage  planes  occur  within  the  first  10  microns 
of  deformation  and  that  after  only  ~100  microns  of  deformation,  the  crystals 
are  broken  into  many  fine  particles  of  a  few  microns  in  size.  For  energetic 
single  crystal  materials,  explosive  initiation  depending  on  the  rate  of 
deformation,  can  occur  at  the  initial  deformation  or,  as  seen  in  Figure  13,  at 
the  final  deformation  when  the  drop  weight  stops.  In  experiments  using 
powdered  composite  explosives,  the  initial  heating  of  fine  bonded  particles, 
such  as  RDX  and  HMX,  is  obscured;  only  the  heat  of  initiation  is  picked  up  by 
the  detectors. 
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When  initiation  takes  place  the  IR  emission  response  increases 
dramatically,  as  shown  in  Figure  13.  The  amplitude  and  the  rate  of  increase 
in  the  amplitude  of  this  signal  depends  only  on  two  factors:  the  distribution 
of  hot  spots  formed  in  time  during  the  impact  and  on  their  rate  of  growth  and 
decay.  Under  these  non-shock  conditions,  the  rate  of  growth  of  a  single  hot 
spot  will  specifically  be  characteristic  of  a  material,  statistically  varying 
primarily  due  to  the  heterogeneity  of  the  material  and  not  specifically 
dependent  on  the  nature  of  the  stimulus  that  caused  the  formation  of  that 
hotspot.  The  distribution  and  formation  of  hotspots,  however,  will  depend 
directly  on  the  nature  of  the  given  stimulus  and  the  response  of  the  material 
to  it.  This  will  also  be  a  statistically  varying  number  depending  on  how 
homogeneous  the  material  being  investigated  is  and  how  the  stimulus  varies 
from  drop  to  drop.  As  a  consequence  of  the  possible  variations  in  the 
formation  and  growth  of  hot  spots,  the  probability  that  ignition  occurs  will 
display  a  similar  wide  range  of  threshold  values  for  a  given  stimuli.  This 
has  been  found  to  be  true  for  both  the  small  scale  mechanical  impact  tests  as 
well  as  the  large  scale  vulnerability  and  safety  tests  (bullet,  multi¬ 
fragment,  and  sympathetic  detonation).  Thus,  the  specific  tests,  either  small 
scale  or  large  scale,  must  be  defined  in  terms  of  probabilities  of  an  event 
occurring  and  sufficient  data  will  be  required  in  order  that  statistically 
meaningful  results  may  be  obtained. 

At  this  point,  without  further  quantitative  understanding,  for  a  given 
specific  mechanical  stimulus,  such  as  a  drop  weight  test  with  fixed  drop 
weight  mass  and  velocity,  anvil  materials,  size,  shape  and  form  of  explosives, 
a  qualitative  ranking  for  explosives  may  be  obtained  for  sensitivity  and 
violence  of  reaction.  Since  the  IR  emission  reveals  at  what  time  after  impact 
the  initiation  threshold  (or  hot  spot  density  threshold)  occurs  and  the 
accelerometer  gives  the  change  of  velocity  of  the  drop  weight  during  this 
time,  a  specific  energy  for  initiation  can  be  calculated.  This  value 
represents,  for  a  given  test,  the  amount  of  energy  necessary  for  initiation 
which  in  turn  represents  the  sensitivity  of  the  explosive.  Experiments  have 
shown  that  for  a  given  drop  weight  test  there  can  be  as  much  as  2_  orders  of 
magnitude  difference  between  PBXN-103  and  PBXW-109 ( Q) .  In  ranking  the 
explosives  according  to  their  reaction  i ate  (or  violence)  to  the  given  test, 
the  slopes  of  the  emission  curves  which  represent  the  rate  cf  sample 
consumption  (hot  spot  growth)  are  compared.  Here,  again  there  are  2-3  orders 
of  magnitude  differences  between  PBXN-103,  PBXW-115 ( Q) ,  H6,  PBXW-109(Q)  and 
PBXN-106  for  a  given  test  Table  1.  (IR  Emission  data  shown  in  Figure  14). 

We  have  not  conducted  enough  tests  at  other  impact  levels  and  with 
different  stimuli  to  determine  whether  the  ranking  order  we  show  could  change 
(tests  have  been  conducted  at  two  velocities,  5.5  and  17  m/sec).  Thus  far, 
only  PBXN-103  has  been  tested  enough  times  to  obtain  statistical  information; 
the  results  showed  at  least  a  ±30%  variation  in  the  response  of  the  materials. 

Usefulness  for  Predictive  Modeling  and  Testing  for  Safety  and  Vulnerability 


It  is  one  thing  to  describe  a  small  scale  test  and  to  show  how  strongly 
the  results  are  dependent  on  test  conditions  and  it  is  another  to  attempt  to 
relate  these  tests  to  large  scale  generic  conditions  for  predictive 
capabilities.  Fran  this  investigator's  point  of  view  in  order  to  predictively 
model  the  effects  of  bullet,  fragment,  and  sympathetic  detonation  on  munitions 
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containing  PBX's,  three  types  of  probability  information  will  be  needed: 
first,  it  will  be  necessary  to  know  the  extent  of  explosive  deformation  that 
occurs  from  the  given  stimulus;  second,  it  will  be  necessary  to  know  for  a 
given  deformation  to  what  extent  hot  spots  are  formed;  and  third,  it  will  be 
necessary  to  know  what  threshold  of  hot  spot  density  will  cause  a  sustained 
growth  rate  to  produce  burn,  deflagration,  or  detonation. 

The  ultimate  goal  of  the  small  scale  tests  described  here  is  to  determine 
the  probability  that  an  impact  or  shock  induced  deformation  will  cause 
initiation.  This  information,  if  introduced  into  a  hydro-code  calculation  of 
explosive  deformation  by  shock  or  impact,  should  make  it  possible  to  predict 
the  probable  violence  of  its  response. 
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CHAPTER  7 

SUMMARY  OF  RESULTS 

The  results  of  this  study  clearly  indicate  that  the  use  of  time-resolved 
infrared  radiometry  is  a  viable  diagnostic  tool  for  the  investigation  of  rapid 
deformation  effects  on  energetic  materials.  The  data  presented  demonstrates  a 
definite  correlation  between  the  pressure-time  profile  and  the  infrared 
emission-time  profile  of  impacted  materials.  This  technique  can  indeed  be 
used  to  probe  the  heat  development  and  its  distribution  in  materials  under 
deformation  and  can  be  used  in  the  elucidation  of  the  mechanisms  involved  in 
such  predetonation  phenomena. 

The  results  reveal  that  infrared  emission  can  be  observed  to  occur  in  all 
materials  under  impact  in  a  drop  weight  apparatus  to  within  a  few  microseconds 
after  impact.  The  observed  time  resolution  is  limited  only  by  the  timing 
devices  of  the  apparatus  and  the  amplitude  of  the  signals.  In  the  gas  gun 
experiments,  the  emission  is  observed  to  occur  within  nanoseconds.  The 
results  of  this  study  also  show,  that  by  using  a  model  for  black  body 
radiation,  two-color  temperature-time  profiles  may  be  obtained  from  the 
experimental  data  with  a  good  degree  of  precision  Further,  it  is  possible  to 
determine,  with  the  model,  some  knowledge  about  the  fraction  of  sample 
emitting  heat  during  deformation. 

The  determination  of  temperature  and  of  fraction  of  sample  reacted 
depends  on  the  black  body  assumption.  A  series  of  experiments  are  planned  in 
the  near  future  to  verify  this  assumption.  An  infrared  array  detector  will  be 
used  to  measure  the  spectrum  of  the  emitted  radiation  and  to  measure  the 
spatial  evolution  of  heat  from  the  sample  volume. 
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FIGURE  1.  APPARATUS  USED  FOR  DETECTING  IR  EMISSION 
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DROP  WEIGHT  & 
ACCELEROMETER 


FIGURE  2.  SCHEMATIC  DRAWING  OF  ANVIL  AND  OPTICAL  COMPONENTS 
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FIGURE  3.  IMPACT  MACHINE.  (  INCLUDES  GUIDED  DROPWEIGHT 
OF  O.SKgm  AND  MAXIMUM  FREE  FALL  HEIGHT  OF 
1.5m  AND  5,5m/s  VELOCITY.  SLINGS  INCREASE  THE 
EFFECTIVE  HEIGHT  TO  20m  AND  VELOCITY  TO 
18.5m/sec.  THE  SAPPHIRE  ANVIL  AND  IR  DETECTORS 
ARE  ALSO  SHOWN) 
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FIGURE  4.  DROP  TEST  ANVIL 
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FIGURE  5.  SCHEMATIC  DIAGRAM  OF  GAS  GUN  EXPERIMENTAL 
CHAMBER  (A)  DIAGRAM  OF  NaCI  SINGLE  CRYSTAL 
SAMPLE  (B)  AND  DIAGRAM  OF  PETN  CRYSTAL 
SAMPLE  (C)  AS  DESCRIBED  IN  THE  TEXT 
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FIGURE  6.  INFRARED  EMISSION  DATA  AND  TWO-COLOR 

TEMPERATURE  OF  NaCI  DUE  TO  18.5m/sec  IMPACT. 
(CURVE  (A)  IS  THE  ACCELEROMETER  RESPONSE,  (B) 
AND  (C)  RESPECTIVELY  ARE  THE  >5.5  /jm  AND  <5.5  /an 
DETECTOR  RESPONSES,  AND  (D)  IS  THE 
CALCULATED  TEMPERATURE) 
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FIGURE  7.  INFRARED  EMISSION  DATA  AND  TWO-COLOR 

TEMPERATURE  OF  AP  DUE  TO  5.5m/sec  IMPACT. 
(CURVE  (A)  IS  THE  ACCELEROMETER  RESPONSE  (B) 
AND  (C)  RESPECTIVELY  ARE  THE  >5.5^m  AND  <5.5f<m 
DETECTOR  RESPONSES,  AND  (D)  IS  THE 
CALCULATED  TEMPERATURE  ) 
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FIGURE  8.  INFRARED  EMISSION  (A)  AND  ACCELEROMETER 
RESPONSE  (B)  OF  RDX  IMPACTED  WITH  5.5m/sec. 
VELOCITY 
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FIGURE  9.  INFRARED  EMISSION  (A)  AND  ACCELEROMETER 
RESPONSE  (B)  OF  PETN  IMPACTED  AT5.5m/sec. 
VELOCITY 
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FIGURE  10.  PBXN-103  IMPACTED  AT  19m/sec.  IR  RESPONSE  AND  CALCULATED 
(IGNITION)  TEMPERATURES 
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FIGURE  11.  INFRARED  EMISSION  (A)  >5.5/jm  AND  (B)  <5.5ym 
AND  CALCULATED  TWO-COLOR  TEMPERATURE  (C) 
OF  SINGLE  CRYSTAL  NaCI  IMPACTED  AT 485  m/sec. 
(THE  ARROWS  SHOW  THE  ESTIMATED  SHOCK 
ARRIVAL  AND  EXIT  TIMES  THROUGH  THE  SAMPLE) 


25 


NSWC  TR  85-452 


800°C 


600 


400 


200 


FIGURE  12.  INFRARED  EMISSION  (A)  >5.5ym  AND  (B)  <5.5,jm  AND  CALCULATED  TWO- 
COLOR  TEMPERATURE  (C)  OF  PETN  SINGLE  CRYSTAL  SANDWICHED 
BETWEEN  TWO  NaCI  CRYSTALS.  ( THE  ARROWS  SHOW  THE  ESTIMATED 
ARRIVAL  AND  EXIT  TIMES  OF  THE  SHOCK  THROUGH  THE  SAMPLE 
COMPONENTS) 
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TABLE  1.  COMPARISON  OF  IR  EMISSION  RATES  AND  ESTIMATED  REACTION  RATES 
FOR  SEVERAL  EXPLOSIVES 
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